Using a protocol of numerical experiments where horizontal resolution is progressively increased, we show that small-scale (or sub-mesoscale) physics has a strong impact on both mesoscale physics and phytoplankton production/subduction.
Introduction
The earliest satellite color images (Gower et al., 1980) revealed spatial variability in the surface chlorophyll distribution at scales close to the rst internal Rossby radius of deformation (R d ), which is the characteristic scale of the mesoscale eddies (this length scale, ;20 -50 km in the mid-latitudes, is hereafter referred to as mesoscale). They also revealed a spatial variability at smaller scales (;5-20 km, hereafter referred to as sub-mesoscale). Spectrum analysis performed on these sea surface chlorophyll images (Gower et al., 1980) showed k 2 3 slopes between the mesoscale and the sub-mesoscale, suggesting that sub-mesoscale features are much less energetic. However, more recent satellite images with a higher spatial resolution have revealed much more energetic sub-mesoscale features, with a k 2 2 spectral slope (Denman and Abbott, 1994) or k 2 1 slope (Vigan, pers. comm.) , which leads to questions about their contribution to the new ated with these small-scale dynamical features can affect new production and phytoplankton subduction. Consequently, the present study is a process study that explicitly focuses on the role of sub-mesoscale physics on phytoplankton production and subduction. For that purpose the dynamical context considered concerns a eld of oceanic eddies that strongly interact since it is well known that such sub-mesoscale physics results from the nonlinear interactions between mesoscale eddies. This eld is classically generated as the outcome of the nonlinear equilibration of an unstable baroclinic jet. The experimental protocol, chosen to selectively assess the impact of the sub-mesoscale structures, consists of progressively increasing the horizontal resolution. We examine the impact of numerical resolution produced by a coupled physical-biological model with a resolution varying from R d /3 up to R d / 20, with R d the Rossby radius of deformation equal to 30 km. This allows us to characterize the respective effects of mesoscale and sub-mesoscale dynamical features on the ecosystem. This chosen dynamical context does not pertain to a speci c oceanic region. It pertains to regions where the dynamics is dominated by mesoscale eddies that strongly interact. Such regions involve not only the Gulf Stream, the Azores Front, the Antarctic Circumpolar Current, but also other regions as those revealed by recent satellite data (Stammer, 1997; Wunsch, 1997) . The biogeochemical context is oligotrophy, which is characteristic of mid-latitude sub-tropical gyres and of summer situations in northern latitudes.
The simulations have revealed that an intermediate resolution (6 km) is suf cient to simulate the characteristic mesoscale structures. However, a much higher resolution (2 km) leads to a signi cant increase of new production and subduction, which enlightens the important impact of sub-mesoscale physics. The simulations are described in the next section. Then, the dynamical regimes are analyzed with the main focus put on relative vorticity and vertical displacements. The responses of the biology, in terms of phytoplankton production and subduction, are presented and interpreted in the fourth section. Finally, the main results are discussed in relation to previous observational and modeling works.
Model set up a. The dynamical set up
The idea is to simulate just a few interactive mesoscale structures with O(1) Rossby number (Ro). In strati ed rotating uids, these structures result from the baroclinic instability of vertically sheared mean currents. Therefore, we use a classical physical context in which mesoscale and sub-mesoscale structures result from the nonlinear equilibration of an unstable baroclinic jet. A zonally periodic b-plane channel centered at 30N is used. The basic state is a uniform potential vorticity zonal jet in geostrophic and hydrostatic balance (Fig. 1) resulting from the interpolation between a northern and a southern density pro les using a hyperbolic tangent law. Both pro les are homogeneous in the upper 100 m. The mean density pro le that yields a rst baroclinic Rossby radius of deformation of 30 km is characteristic of mid-latitudes. The jet has a width of about 50 km and is owing eastward with maximum velocities of 0.6 m s 2 1 at the surface. Relative vorticity (de ned as z [ ]v/] x 2 ]u/] y with u and v the horizontal components of the velocity eld) ranges from 0.45f on the north side to 20.45f on the southern side (with f the Coriolis parameter), which leads to a Rossby number (Ro [ z/f ) of order one. Due to the important slope of the isopycnals, and to the resulting geostrophic current shears, this baroclinic jet is unstable. The most unstable wave has a wavelength of 160 km, a growth rate of approximately (15 days) 2 1 and is mainly captured by the rst baroclinic mode (whose zero-crossing is at a depth of 500 m). The initial density eld is perturbed with the fastest growing unstable mode.
The domain geometry is a channel 500 km wide, 160 km long and 4000 m deep. The domain length is chosen to correspond to one wavelength of the most unstable baroclinic wave. The inverse energy cascade is thus arti cially arrested but the direct cascade of any tracer is free to develop up to the resolution grid. It is this choice that allows just a few mesoscale structures. This set up, therefore, enables us to focus principally on the production of sub-mesoscale structures and on the interaction between these structures and the mesoscale eddies. Free-slip conditions and no heat ux are applied along solid boundary, except at the bottom where a linear friction drag is applied (equal to 4.6 3 10 2 4 m s
). The surface is forced with a uniform and constant penetrative solar radiation of 250 W m 2 2 and a radiative cooling such that the net surface heat ux is zero. This surface heat forcing makes the mixed-layer depth constant in the absence of horizontal and vertical advection. No wind forcing is included. For the sake of simplicity, a linear equation of state is assumed (r 5 1028.5 2 0.1176 3 T with r the density and T the temperature).
In this study, we do not consider motions with frequencies larger than f. Within this dynamical framework, the primitive equations are the most suitable set of equations to describe the time evolution of the dynamical ow eld (Gill, 1982; McWilliams et al., 1986) . The ocean circulation model used is the primitive equation numerical model OPA (Madec et al., 1991; where vertical eddy coef cients are computed from an embedded 1.5 turbulent closure model (Blanke and Delecluse, 1993) . There are 30 z-coordinate vertical layers, whose thicknesses vary from 10 to 20 m in the upper 100 m, and increase up to 300 m at the bottom. Horizontal mixing of density and momentum is included through biharmonic friction terms which insure numerical stability by selectively dissipating the smallest horizontal scales of all elds. Several experiments are performed that differ in their horizontal resolution and horizontal dissipation coef cient. Horizontal resolutions range from 20 km to 1.5 km. For the simulation with a resolution of 2 km, the dissipation coef cient is tuned to the smallest possible value to avoid numerical noise, u K 2 km u 5 0.5 3 10 9 m 4 s 2 1
. Then, for consistency between the change in resolution and the change in dissipation, dissipation coef cients for the other resolutions are computed from K 2 km imposing the time scale associated with the biharmonic dissipation term, Dx 4 /K D x , to be constant (where Dx is the horizontal space grid, and K D x the dissipation coef cient for the simulation with a Dx space grid). The time steps decrease from 15 minutes in the 20-km experiment, down to 1 minute in the 1.5 km experiment. Experiments last 25 days. Model outputs are daily averages.
The internal Rossby radius of deformation (R d 5 30 km) is the scale that characterizes the mesoscale structures. Representation of that scale requires at least 4 -5 grid points, and, therefore, a space grid of approximately 6 -7 km. However, we have found that increasing the numerical resolution from 6 km to 2 km signi cantly modi es the dynamical elds and enhances primary production. This reveals that sub-mesoscale structures, which are not well resolved when Dx $ 6 km, have a signi cant in uence on the dynamical and biological elds.
Within this dynamical set-up, convergence seems to be attained at 2 km resolution. Indeed, the results of a simulation with a 1.5 km resolution have been found to be very close to those with a 2 km resolution, in terms of the kinetic energy budgets, primary production budgets and mesoscale and submesoscale structures in physical space. Moreover, it is worthwhile to mention that, in our study, the subgrid processes (at scales smaller than 1.5 km) are classically parameterized through a horizontal diffusion coef cient. This coef cient is adjusted, as usual, to allow the direct tracer cascade to work ef ciently (cf. Protas et al., 1999) . Using a higher numerical resolution (i.e., equal to or smaller than 1 km) implies that these processes, at these small scales, need to be explicitly represented. Their correct representation requires the use of more sophisticated models, such as nonhydrostatic models. This issue is beyond the scope of this paper.
Therefore, the course of this paper mainly concerns the analysis and comparison of two numerical experiments: the M (for Mesoscale) experiment with a resolution of 6 km and the S (for Sub-mesoscale) experiment with a resolution of 2 km. Results of a Large-scale (hereafter L) experiment, corresponding to a 10 km resolution, will be brie y mentioned. In terms of number of grid points to represent the mesoscale eddies, this large-scale experiment corresponds to so-called eddy-permitting experiments; i.e., experiments where mesoscale features are described with no more than 2-3 grid points (such as in Oschlies and Garçon, 1998) .
b. The biological set-up
The biological model consists of six prognostic variables expressed in terms of their nitrogen content: nitrate, ammonium, phytoplankton, zooplankton, detritus and dissolved organic matter. This model, although quite simple, is suf ciently complex within the context of this study, as we are mainly concerned with the evolution of phytoplankton. Its original feature is the explicit distinction between new production (i.e., nitrate consumption by phytoplankton, nitrate mainly being provided to the euphotic layer by dynamical processes) and regenerated production (i.e., ammonium consumption by phytoplankton, ammonium essentially being regenerated within the euphotic layer). The Eulerian time evolution of one state variable concentration C is controlled by biogeochemical processes, advection and vertical diffusion:
where ¹ z ¼ is the 3-D divergence operator, u the velocity vector and k z the vertical diffusion coef cient computed by the physical model. S(C) is the biogeochemical source/sink term, and is fully described in the Appendix. Numerical resolution of Eq. 1 is described in Foujols et al. (2000) . The requirements of biogeochemical transport are suf ciently different from those of temperature as to provide some justi cation for the usage of different advection schemes and subgrid-scale parameterizations. The major requirement is positivity, and therefore the centered nite difference scheme used for the advection of temperature cannot be used. Instead, the MUSCL positive advection scheme is used, which conserves with good accuracy the extremum values and the gradients of the advected eld (Van Leer, 1977; Hourdin and Armengaud, 1998) . In comparison with centered differences, MUSCL is more diffusive and less dispersive (Lévy et al., 2001) ; therefore, no explicit horizontal diffusion is taken into account. Tests undertaken with nonzero biharmonic horizontal diffusion have revealed almost no change in the results, with the exception that the biharmonic operator generates negative tracer concentrations (that are treated as zero for the computation of the biological terms).
The initial conditions for the ecosystem are taken from the steady state solution of a one-dimensional con guration where only vertical diffusion is taken into account (see the thin line on Fig. 9 ). These initial conditions are representative of highly oligotrophic conditions, typical of summer conditions at mid latitudes (Fasham et al., 1985; Michaels and Knap, 1996) . The nitracline and phytoplankton subsurface maxima are located at 110 m depth. Weak diffusive nitrate inputs within the euphotic layer supply primary production with an f-ratio of 0.5 at 110 m but rapidly decreasing to very small values above the subsurface maxima. Phytoplankton growth is nutrient limited, and any additional vertical transport of nutrient into the euphotic layer is expected to destabilize the biological steady state by stimulating new production. Weak diffusion of the phytoplankton subsurface maxima exports some biomass below the euphotic layer.
Since the three-dimensional biological model is initialized from the one-dimensional biological steady state, there are no initial cross frontal gradients in the biogeochemical variables. Consequently, the initial nitrate eld is decorrelated from the density eld. This assumption is justi ed both within the euphotic layer, where nitrates are depleted, and below when nitrate remineralization sources have the same amplitude on both sides of the front. Such an initial nitrate distribution is also a mean to neglect the impact of the nitrate meridional variability.
Results
We rst investigate the nonlinear evolution of the dynamical eld and then that of the biogeochemical variables, in order to identify the dynamical processes that affect phytoplankton production and subduction and to quantify their in uence.
a. Dynamics
The time evolution of the surface kinetic energy is typical of the nonlinear baroclinic instability of a zonal jet in the b-plane, for both the M and the S experiments ( Fig. 2 ): a period of growth of the unstable waves (from days 1 to 12 approximately), associated with the transfer from mean available potential energy into kinetic energy and where linear terms dominate, is followed by a period where the dominance of the nonlinear terms (days 12 to 24 approximately) leads to the formation and ejection of mesoscale features. In the following, focus is put on the period of the simulations corresponding to a nonlinear equilibrated regime, that is a period where the kinetic energy averaged over the whole domain does not evolve much. The w-variance is generally a good index for the identi cation of this equilibrated nonlinear regime which, from Figure 2 , occurs between days 12 and 24. Figure 2 reveals important differences between the M and the S experiments: at day 24 the value is almost 3 times larger with the higher resolution. A similar ratio is found for the vertical velocity variance. In the M experiment, maximum surface kinetic energy is reached around day 18, and maximum w-variance around day 14. Maxima are reached two days later in the S experiment. Examination of the dynamical elds in the physical space yields more information about the sub-mesoscale structures, not present in the M experiment, that explain these differences. We rst focus on relative vorticity since, from the potential vorticity conservation, relative vorticity is anticorrelated with vertical stretching, and is, therefore, a good index of vertical displacement, which is of primary importance for biological processes.
i. Relative vorticity. Relative vorticity associated with the initial frontal jet is negative on the warm side of the front (Fig. 3 , day 1, red scale) and positive on the cold side (blue scale). In both experiments, during the rst days, meanders develop with a distinctly meridional asymmetry characterized by a NW-SE horizontal phase tilt (Fig. 3, day 14 ). This asymmetry is characteristic of baroclinic instability of jets with a Rossby number of order O(1) (Snyder et al., 1991) . It is more emphasized in the S than in the M experiment. This can be seen from the shape of the vorticity contours which shows a tendency for a more pronounced NW-SE ow in the northern part of the jet whereas the ow tendency appears to be purely south or north in the southern part. This distinction reveals the better representation of the O(1) ageostrophic circulation in the S experiment, even in the early part of the nonlinear regime. Relative vorticity amplitude, which ranges from 20.8f to f in the M experiment and from 2f to 3f in the S experiment, con rms and quanti es the greater importance of the ageostrophic circulation in the S experiment.
At day 22 the nonlinear regime is fully attained (Fig. 2 ) and mesoscale eddies are developed. Nonlinear dynamics of baroclinic jets with Ro 5 O(1), usually involve large, weak anticyclones that persist in the north and strong, intense cyclones that eventually degenerate in the south (see for example Snyder et al., 1991) . These characteristics result from the mass and potential vorticity conservation, in the presence of a large meridional slope of the isopycnals (Fig. 4) . They are somewhat observed in both experiments after meanders have broken up. In the M experiment, the relative vorticity eld displays a well-formed anticyclonic eddy in the northern part of the domain and a strongly deformed cyclonic eddy near the center of the domain that seems to degenerate into a thin lament. The S experiment displays a much wider anticyclonic eddy developing on the northern side with its vorticity extremum located not in the center but on its edges. On the southern side a small, but intense and coherent, cyclonic eddy is present with its vorticity maximum located at the center.
In the M experiment, maximum vorticity gradients at the surface do not evolve with time, while they increase by a factor of three in the S experiment. In the latter experiment they surround sub-mesoscale structures such as the positive vorticity lament observed at day 22. One important hallmark is that strong vorticity gradients are closely related to the mesoscale eddies: the anticyclonic eddy on Figure 3 is shielded by a ring of positive vorticity with an associated strong gradient. The cyclonic eddy is also bounded by a high vorticity gradient. These gradients around the eddies are known to act as dynamical barriers that preserve coherence of the eddies and increase their life-time (Mariotti et al., 1994) . As a consequence, the meridional extension of the mesoscale features is much larger in the S than in the M experiment.
The quantitative importance of the sub-mesoscale and mesoscale features for the two experiments is displayed by their relative vorticity spectra (Fig. 5) . At small wavelengths (# 10 km), the enstrophy quickly decreases (with a k 2 6 slope, with k the wavenumber) in the M experiment (which re ects the dissipative effect of the biharmonic dissipation at scales smaller than ;10 km), whereas the enstrophy in the S experiment slightly decreases with a k 2 1 slope. At larger wavelengths ($ 10 km), the enstrophy is also higher in the S experiment. These larger wavelengths are related to the scales of the eddies, that are more energetic in the S experiment due to the presence of the dynamical barriers. Thus, in the S experiment, the emergence of the sub-mesoscale dynamics in turn reinforces the mesoscale dynamics.
ii. Vertical velocities. We have already noted that the vertical velocity variance is almost three times larger in the S than in the M experiment (Fig. 2) . Locally, w-maxima at 100 m depth attain 20 m d 2 1 in the M experiment, but can reach 100 m d 2 1 in the S experiment. In the M experiment w-patterns are mostly multipolar structures located around the eddies, within the regions of large vorticity gradients. From vertical sections (not shown) these structures extend from the surface down to 1000 m with their maximum at a depth of about 500 m, which stresses the dominance of the rst baroclinic mode. Such patterns, with mostly tripolar and quadripolar structures, have been rationalized by geostrophic strati ed turbulence studies (see Davies-Jones, 1991; Xu, 1990 and 1992; Hua et al., 1998) . They are induced by the curvature variation of the ow and the along-ow speed variation in jet streaks. From these studies it is also known that any tracer eld forced by such w-structures is characterized by a spectrum with a k 2 2 slope, i.e., by mesoscale structures much more energetic than small-scale structures . Besides these multipolar w-structures, the S experiment also reveals the presence of much thinner and intense w-patterns that are absent in the M experiment (Fig. 6 ). These patterns are the signature of active small-scale frontal dynamics, which emphasizes the ef ciency of the sub-mesoscale physics. They are closely associated with the strong vorticity gradients and are characterized by a conspicuous dipolar structure astride these gradients (as within the lament crossing from x 5 0 km y 5 300 km to x 5 150 km y 5 200 km), which is a characteristic of frontogenesis and frontolysis processes (DaviesJones, 1991; Spall, 1997). They induce a strong distortion of the "usual" quadripolar patterns around the eddies, which is mostly apparent in the ring of positive vorticity around the anticyclonic eddy (At x 5 110 km and y 5 375 km). Since strong vorticity gradients can only be formed in strain-dominated regions (Lapeyre et al., 1999) , the dipolar w-patterns are mostly located within these regions, which are the regions where strong gradients of any tracer are produced by the horizontal velocity eld. As a result, any tracer eld forced by such w-patterns should exhibit only small-scale structures (Lapeyre et al., 2001) .
Vertical sections (not shown) reveal that these thin and intense w-patterns are dominant in the rst 200 m, whereas the larger scales (i.e., tripolar and quadripolar) w-structures prevail at larger depths. Spectrum analysis of the w-eld in the S experiment at different depths corroborates this depth-dependentscale partition. From this analysis, it is, therefore, expected that a tracer eld forced by the w-eld of the S experiment will develop lamentary structures close to the surface and larger scale structures at depths.
iii. Lagrangian trajectories. A convenient means to visualize and characterize both the horizontal redistribution of water masses and the associated vertical displacement is to compute the Lagrangian trajectories associated with the ow eld. Here we consider some 20,000 oats uniformly distributed on both sides of the front and at a depth between 65 m and 165 m. Trajectories of these oats are computed with the methodology described by Blanke and Raynaud (1997) . Figure 7 shows a time series of the oats' positions projected on the horizontal plane for the M and S experiments. Individual oats are characterized by their color: grey (respectively black) oats are those initially located on the warm (respectively cold) side of the front. In both experiments, the grey oats, initially con ned on the warm side of the front, progressively invade the opposite side and some of them end trapped within the northern anticyclonic eddy. The inverse is true for the black oats, some of which are ultimately trapped within the southern cyclonic structure. Also, in relation with the slope of the mean isopycnal surfaces, grey oats upwell while moving north and black oats downwell while they move south (Fig. 4) . After 24 days, the grey and black oats' averaged vertical displacements are much higher in the S than in the M experiment (124 m/143 m for the grey oats, and 234 m/247 m for the black oats, in the M/S experiment, respectively). These differences re ect, in an integrated manner, the difference in w-variance. The consequence of these vertical movements is that, from the potential vorticity conservation, the grey oats that invade the cold side of the front experience a magnitude increase of their anticyclonic relative vorticity along their trajectories, while the black oats that invade the warm side of the front experience a signi cant increase of their cyclonic relative vorticity. As an example in the S experiment, oats that are trapped in the cyclonic (resp. anticyclonic) eddy end up with a relative vorticity of 2f (resp. 2f ), while the initial relative vorticity of oats ranges between 20.45f and 0.45f. On the other hand, oats that do not cross the front tend to conserve their relative vorticity. They mark satellite structures associated with strongly active mesoscale structures such as the weak anticy-clonic eddy in the south of the front that is associated with the energetic cyclonic eddy. These oats do not experience signi cant vertical displacements. Thus, comparison of Figures 3 and 7 shows a good agreement between the sign of the surface relative vorticity and the spatial distribution of grey and black oats.
b. Biology
The 4D-( xyzt) variability of the biological elds is analyzed in three steps. First, quantitative analyses are performed on 1D-(t) diagnostics, corresponding to the time evolution of the elds integrated over the frontal zone (from x 5 0 to 150 km and y 5 50 to 450 km) and over the euphotic layer (taken as the rst 120 m of the water column). Then, impacts on the vertical structure are analyzed at day 18 from 1D-( z) diagnostics corresponding to the pro les horizontally averaged over the frontal zone. Finally, the driving mechanisms for phytoplankton spatial heterogeneity are analyzed using a time series of phytoplankton 2D-( xy) elds integrated over and below the euphotic layer. i. Quantitative analysis. Quanti cation of the in uence of mesoscale and sub-mesoscale dynamics on phytoplankton production and export budgets is done on the time-evolution of the most relevant terms in Eqs. 1; that is nitrate and phytoplankton transport, new and regenerated production, nitrate and phytoplankton concentrations. These terms are integrated over the frontal area and the euphotic layer, and displayed in Figure 8 for the S, the M, and the L experiment. In the L eddy-permitting experiment (not shown in details), . Therefore, comparison between the M and the L experiments allows us to estimate the impact of mesoscale dynamics, while comparison between the M and the S experiment provides an estimate of the impact of sub-mesoscale dynamics.
During the whole duration of the experiments, nitrate transport within the euphotic layer (i.e., approximately 95% due to vertical advection and 5% due to vertical diffusion) is positive (Fig. 8a) , while phytoplankton transport is negative (Fig. 8b) . As expected, the primary effect of the dynamics generated by baroclinic instability is to provide nutrient and export phytoplankton to and from the euphotic layer, respectively. It should be noted that transports in the initial state, only due to vertical diffusion, are quite negligible compared with the advective transport instantaneouslytriggered by the instability of the jet during the rst days. In the M and the S experiments, transports are maximum around day 15, in correlation with the w-variance maximum. Also, due to the different amplitude of the w-variance between the experiments, time-averaged transports show signi cant deviations (Table 1) . During the nonlinear phase, nitrate transport is increased by a factor ;3 between the L and the M experiment, and by another factor ;1.5 between the M and the S experiment. Similar gures are obtained for phytoplankton transport.
The increase of nitrate transport from the L to the S experiment induces a signi cant increase of new production ( Fig. 8c and Table 1 ). However, and for all experiments, the amplitude of new production is smaller than that of nitrate transport. Also, new production maximum is attained later (at day 22 for the S experiment while it is still increasing after day 24 in the M and the L experiment). This shows that there is a time lag of 5 to 10 days between nitrate transport and new production. As a consequence of this time lag, the nitrate that is being brought up and not instantaneously used by photosynthesis accumulates within the euphotic layer (Fig. 8e) . The accumulated nitrate will potentially be consumed by photosynthesis if later environmental conditions permit it (for instance, in the absence of wind bursts destroying the strati cation). In that sense, the measure of nutrient transport within the euphotic layer can be interpreted as potential new production, in contrast with the instantaneous new production.
The net impact on the phytoplankton stock is a net increase with time, again of larger amplitude in the S experiment (Fig. 8f) . Indeed, in all experiments, phytoplankton losses (by subduction, mortality and grazing) remain very weak compared with new production. On the contrary, zooplankton stock (not shown) remain quite steady. This is due to the long e-folding time of zooplankton growth in comparison with the duration of the simulation.
Consequently, regenerated production also shows negligible change during the course of the simulations. Finally, in terms of total production (Table 1) , mesoscale dynamics is responsible for an increase of the order of 30%, while the increase is almost a factor of 2 when sub-mesoscale dynamics is allowed.
ii. Vertical distributions. To better understand the impact of the frontal dynamics on phytoplankton, we now focus on the vertical distribution of the most relevant terms in Eqs. 1. For that purpose, these terms are averaged on the horizontal directions, and depicted on Figure 9 at day 18. There is no qualitative variability of these averaged pro les during the course of the experiments, and day 18 is an intermediate date between the period of maximum nutrient transport and the period of maximum production.
In the M experiment, nitrate transport is signi cantly increased compared with the initial state, particularly between 50 m and 120 m. In the S experiment, and in relation with the higher averaged upward displacement of the grey oats, the nitrate transport pro le reaches depths smaller than 50 m (Fig. 9a) . Consequently, the new production subsurface maxima is shallower in the S experiment (60 m) than in the M experiment (70 m), and in the M experiment than in the initial state (110 m).
As mentioned in the previous section, there is a time shift between nitrate transport and new production, and at day 18 nitrate transport still largely exceeds new production. However, comparison of Figure 9a and 9c reveals that this time shift diminishes with shallower depth. Indeed, in the S experiment and above 50 m, new production and nitrate transport are equal, and there is no nitrate accumulation (Fig. 9e) ; whereas at 100 m, new production is about 10 times smaller than nitrate transport. The depth variation of the time shift amplitude is clearly related with that of phytoplankton growth rate. Typically, due to light limitation, growth rates are of the order of (10 days) 2 1 at 100 m depth, and (3 days)
at 50 m depth. Hence, nitrate transports that reach shallow depth are utilized very ef ciently by photosynthesis, and signi cantly increase the instantaneous new production budget (Fig. 9c) . For both experiments, there is a strong negative phytoplankton transport term (Fig. 9b) . Again, this term has a wider pro le and a larger amplitude in the S experiment. Below the euphotic layer, positive transport reveals the subduction of phytoplankton. Closer to the surface, positive transport is due to vertical mixing within the mixed layer.
The increase of new production above 100 m, together with the increase of subduction below 100 m signi cantly modi es the averaged phytoplankton pro le compared with the initial state (Fig. 9f) . On average and due to these two effects, the subsurface maxima is much wider in the two directions (up and down). The result is even more dramatic in the S experiment, where vertical displacements have a larger amplitude.
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iii. Driving mechanisms for biogeochemical spatial heterogeneity. Spatial heterogeneity of phytoplankton is analyzed after depth integration, within and below the euphotic layer. A common feature of both experiments is that new production is mostly found within anticyclonic vorticity regions ( Fig. 10 and Fig. 3 ). In such an oligotrophic environment, phytoplankton patterns in the euphotic layer result from new production and from the time lag associated with the biological response. The comparison of Figure 11 and Figure 3 shows that, as for new production, phytoplankton is found mostly within anticyclonic regions. It also shows that phytoplankton maxima are decorrelated from those of NP. This decorrelation is due to the transport of phytoplankton during the biological response time lag. Correspondingly, below the euphotic layer, the subducted biomass is mostly found within cyclonic regions ( Fig. 12 and Fig. 3 ). The major difference is that phytoplankton patterns in the S experiment are mostly small-scale features, well correlated with the small-scale vorticity patterns, whose width does not exceed 20 km, and that are nonexistent in the M experiment. For instance at day 22 in the S experiment, regions of high phytoplankton (Fig. 11) are principally concentrated at the edges of the anticyclonic eddy, in the anticyclonic area surrounding the cyclonic eddy and along the thin negative vorticity laments. In the M experiment, phytoplankton is concentrated within the anticyclonic eddy and within the wider ('40 km) anticyclonic lament. At mesoscales, the distribution of new production and subduction (and of phytoplankton within and below the euphotic layer) within speci c vorticity regions results from the phase relationship between the mean vertical advection and the relative vorticity evolution. During the baroclinic instability adjustment process and because of the strong mean isopycnals slope, warm water with negative relative vorticity moves northward and upward (as the grey oats) and cold water with positive relative vorticity moves southward and downward (as the black oats). As mentioned before, nonlinear dynamics and conserva- tion of potential vorticity and mass ultimately lead to large and weak anticyclones in the north and small and strong cyclones in the south. The consequence is that cold cyclonic eddies, although with locally doming isopycnals at their center, are stretched downward with the result of small local nitrate upward input at a given depth. On the contrary warm anticyclonic eddies, although with locally downward isopycnals at their center, are strongly squeezed upward with the result of a signi cant net local nitrate input at a given depth. In other words, trajectories of grey-oats (closely associated with a negative relative vorticity as mentioned before) are preferential routes for upward nitrate supply. While they raise, nitrate is progressively converted into phytoplankton through photosynthesis. Similarly, trajectories of black-oats (associated with a positive relative vorticity) are preferential routes for phytoplankton subduction. 
The appearance of phytoplankton sub-mesoscale features in the S experiment results from the phase relationship between the bipolar w-patterns and the strain-dominated areas (i.e., vertical advection occurring in areas where horizontal stirring is signi cant). As these speci c w-patterns extend from the surface down to 200 m (due to frontogenesis and frontolysis processes), they have an impact on phytoplankton distribution above and below the euphotic layer, as shown by the depth-integrated elds on Figure 11 and Figure 12 . In the case of upward w, the associated horizontal stirring acts on water parcels where nitrate is being progressively converted into phytoplankton,with the consequence that both nitrate and phytoplankton (and therefore new production) elds show sub-mesoscale structures.
The production of nitrate sub-mesoscale structures in the upper layers is displayed by Figure 13a , which shows that the nitrate spectrum slope is much atter at 130 m (k 2 1.5 ) than that at 500 m (k 2 3 ). As mentioned in Section 3a(ii), these different slopes result from the different w-features that drive the nitrate distributions at those two depths: quadripolar at 500 m and bipolar at 130 m. Therefore, within the euphotic layer, nitrate is mainly introduced at small scales and within regions of intense horizontal stirring. Since the w-cores at 500 m and those at 120 m are usually located in the same strain-dominated areas , we believe that the w-cores at 120 m should relay the effects of those at 500 m in the injection of nitrates from deeper to the surface layers. Note that a quantitative rationalization of the phase relationship between these w-cores still requires additional work. In the present study, the small-scale phytoplankton features do not result from a direct horizontal cascade, during the photosynthesis processes, of nitrate injected at much larger scales (as suggested by Abraham, 1998) but from speci c small-scale nitrate injection in strain-dominated areas. This is con rmed by the phytoplanktonspectra close to the surface (Fig. 13b) which has a slope similar to that of nitrate just below the euphotic layer. 
Discussion

a. Quantitative aspects
The impact of dynamical processes on primary production estimated in this study emphasizes and enlarges the results obtained by previous modeling studies that focused on speci c regions where the dynamics involve energetic mesoscale eddies. Indeed these studies already revealed that, in oligotrophic conditions, primary production can be increased by 10 to 30% when mesoscale processes are accounted for (Oschlies and Garçon, 1998; Spall and Richards, 2000; Mahadevan and Archer, 2000) . The results of our process study con rm the important impact of the mesoscale physics on primary production (a 30% increase for the M experiment). But mostly it reveals an additional stronger impact of the submesoscale physics (a 100% for the S experiment).
Taking into account this submesoscale physics requires the use of a horizontal numerical resolution at least equal to 1 15 of the Rossby radius of deformation of the dominant vertical normal mode. Such resolution is much higher than that used in Oschlies and Garçon (1998) (2/5) and in Mahadevan and Archer (2000) (1/4). So our results suggest that the impact of the eddies and their nonlinear interactions displayed by Oschlies and Garçon (1998) and Mahadevan and Archer (2000) might be signi cantly increased if they used a higher resolution.
Nevertheless, the new production amplitude found in this study is within the range provided by observations in oligotrophic regions. For instance, new production estimates for the Sargasso Sea vary from 0.1 to 0.7 moleN/m 2 /y depending on the measuring method (Siegel et al., 1999) . Table 1 
b. Relationships between new production and vorticity
A vertical section of nitrate across a cyclonic and an anticyclonic eddy respectively (Fig. 14) reveals that, in the M experiment, nitrate is more abundant within the anticyclonic than within the cyclonic eddy. In the S experiment, the nitracline is raised toward the surface on the inner-border of the anticyclonic eddy and also on the outer-edge of the cyclonic eddy, where anticyclonic vorticity is strong (Fig. 3) . Within the cyclonic eddy, the doming of the nitracline at the center is strongly counter-balanced by its averaged deepening.
We have found it dif cult to confront these results with in-situ observations. Indeed Yentsh and Phinney (1985) and McGillicuddy et al. (1998) found that the doming of the isopycnals in cyclonic eddies is associated with the doming of the nitracline, and therefore that cyclonic eddies are more productive than anticyclonic ones. These observations seem to challenge our results. On the other hand, Hitchcock et al. (1993) , during a series of transects across the Gulf Stream, found a maximum of chlorophyll located at the periphery of a warm core ring (their Fig. 3) . Strass (1992) , using a towed undulating vehicle in the open North Atlantic during summer reveals patches of high chlorophyll concentration of scales 10 -20 km. These patches at the warm sides of temperature front are regions of anticyclonic vorticity. The recent observations of Perez et al. (2001) , during a summer oceanographic cruise in the Azores front region, identify a warm anticyclonic eddy whose Q/S characteristics are similar to those found in the south side of the front. Similarly, they found a cold cyclonic eddy, whose waters in the core do not come from below by upwelling, but has the characteristics of waters from the north side of the front. Furthermore, they locate with good accuracy maximum chlorophyll concentrations on the south side of the front (their Fig. 11, T1) , and at the border of an anticyclonic eddy (their Fig. 11 , T2). They found no clear evidence of biological activity enhancement in the cold cyclonic eddy (their Fig. 13, T4 ). These observations appear to con rm our results.
We believe that a signi cant part of the discrepancies of the in-situ observations could be explained in terms of the nitrate distribution relative to the density eld. Indeed there is no speci c reason for the existence of an exact relationship between the nitrate and the density (as traditionally assumed) especially in the surface layers of the ocean. Sources and sinks of density differ from those of nitrate. Then the nitrate eld should differ from that of the density and in particular should be characterized by more energetic small-scale features. More precisely, it was found in Klein et al. (1998) that when the large-scale tracer eld involves isosurfaces more horizontal than the large-scale density eld, the perturbated tracer eld is characterized by a much less steep spectrum slope. Furthermore, larger tracer concentrations are found in anticyclonic eddies than in cyclonic ones. The large-scale nitrate eld used as an initial condition complies with this con guration, which may explain our results. However, a more thorough study is needed to rationalize this explanation.
c. Phytoplankton patchiness
As mentioned in the Introduction, phytoplankton patchiness within the euphotic layer at scales smaller than the Rossby radius of deformation is well evidenced by satellite imagery (see for example Denman and Abbott, 1994) . The sources of the patchiness is usually attributed to horizontal stirring by the mesoscale eddy eld, diffusive mixing and biological processes (Denman and Platt, 1976; Washburn et al., 1998; Martin, 2000) . Production of small-scale laments of tracers in the ocean by horizontal stirring has been evidenced by in-situ experiments, such as NATRE (Ledwell et al., 1993) and SOIREE (Abraham et al., 2000) . To rationalize plankton patchiness, Abraham (1998) proposed an elegant and convincing scenario based on the production of smaller and smaller tracer scales by mesoscale eddies, which is the classical direct tracer cascade. Nutrients injected at large scales within the euphotic layer are subsequently affected by this cascade process that occurs at a time scale of the order of 10 days in the ocean (Klein and Hua, 1990) . Because the e-folding time of the phytoplankton growth rate is usually smaller than the cascade time scale, the spatial variability of phytoplankton involves more energetic small scales than nutrients. In other words, the phytoplankton spectrum slope is less steep than that of nutrients. The same conclusion applies for zooplankton with respect to phytoplankton. Thus the spatial variability of the successive biological populationsre ect the different phases of the cascade process. The present study, which takes into account the spatial variability of vertical velocity at meso and sub-mesoscales, provides a somewhat different scenario. The nutrient injection induced by the mesoscale and sub-mesoscale physics within the euphotic layer mostly occurs at small scales in regions dominated by strain, which directly leads to sub-mesoscale nutrient and phytoplankton variability.
In the ocean, it is likely that these two scenarios are encountered. Indeed our scenario should occur in the absence of strong wind forcing; i.e., when the mixed layer is not really active. But a strong wind burst, which has the effect of deepening the mixed-layer, should induce a nutrient injection within the euphotic layer at large scales. In this case, the scenario proposed by Abraham (1998) is the most relevant. From a biogeochemical perspective these two scenarios have, however, different implications. When phytoplankton patchiness is mainly the result of the stirring by 2D-turbulence of nutrient patterns injected at large scales (Abraham, 1998) , estimation of a new production budget is somehow easier to quantify. On the other hand, the scenario proposed by the present work, based on nutrient injection at small scales, makes estimation of new production from low resolution data and/or model more dif cult.
Conclusion
This study has focused on the impact of small-scale, or sub-mesoscale, physics on new production and phytoplankton subduction budgets in oligotrophic regimes. Results from numerical experiments designed to understand this impact reveal that the sub-mesoscale physics is responsible for more than 1 3 of the larger-scale new production and phytoplankton subduction budgets. This shows that high spatial resolution is required to estimate these budgets, from observations or numerically.
The increase of new production is due to the signi cant enhancement of nutrient transport from the deeper layers within the surface layers, by the more energetic dynamical eld. However, this injection enhancement is essentially driven, not by the vertical velocity eld associated with the mesoscale dynamics (whose maximum is at 500 m), but by the vertical velocity eld associated with the strong small-scale density and vorticity gradients located near the surface between and around the eddies. Thus, nutrient injection occurs at small scales in speci c regions where the horizontal stirring is strong. The consequence is that the phytoplankton eld essentially displays small-scale features. The same dynamical features characterize the phytoplankton subduction in the deeper layers. Another important result is the strong relationship between new production, phytoplankton subduction and relative vorticity, in the absence of wind forcing and during the formation of eddies, that persists when mostly small-scale features of phytoplankton are present.
This study should be considered as a rst attempt to examine the impact of small-scale physics embedded in a mesoscale eddy eld onto the ocean biology. It has several limitations which should be addressed in the near future because of the stimulating results already obtained. First, more con dence about the present results could be obtained with numerical simulations extended to larger spatial domains in order to better represent both the inverse energy cascade and the direct enstrophy cascade. This should produce more robust statistics about the respective role of mesoscale and sub-mesoscale physics and allow for direct comparison with statistics obtained from satellite data. Second, simulations should also be extended to longer times scales. This should enable us to take into account the nonlinear interactions between phytoplankton and zooplankton, and the ageing of the ecosystem.
Another important direction to explore is the effects of a wind-forcing. We have already mentioned that a strong wind forcing producing a signi cant mixed layer deepening can induce a large-scale nutrient injection. In that situation the scenario proposed by Abraham (1998) should be relevant. What we have in mind concerns another situation where the wind forced mixed-layer dynamics does not produce signi cant mixed-layer deepening but, through nonlinear Ekman pumping, strongly enhances the small-scale frontal dynamics and, therefore, should reinforce the corresponding injection of nutrients. Such nonlinear interactions are now well documented (see for example Lee et al., 1994; Hart, 2000; Blumen, 2000) , which should help to understand their consequences on phytoplankton production. by the IPSL, and particularly from the work and ef ciency of M.-A. Foujols. Last but not least, this work has greatly bene ted from the diagnostical tools developed by Sebastien Masson, and from his kind assistance.
APPENDIX
Description of the biological model
The biological model consists of six prognostic variables expressed in terms of their nitrogen content: nitrate (NO 3 ), ammonium (NH 4 ), phytoplankton (P), zooplankton (Z), detritus (D) and dissolved organic matter (DOM). S(C) is the total biogeochemical source/sink term for each tracer C (Eq. 1). Within the rst twelve vertical layer (corresponding to approximately 200 m), the biogeochemical model can be formulated as (with parameter values in Table 2) :
where the phytoplankton growth limitation terms are expressed as: 
Other modeled biogeochemical processes include phytoplankton mortality, zooplankton mortality (that is not reinjected in the surface layer but is remineralized below), zooplankton excretion, fecal pellet production, detritus sedimentation, detritus remineralization, nitri cation and dissolved organic matter break down. Below the twelveth vertical layer (at depth z bio ), remineralization processes prevail. Remineralization is parameterized by a decay of all variables into nitrate, and a local (i.e., on the local vertical) redistribution of zooplankton mortality: 
We add a condition for no deposition on the ocean oor, f( z bottom ) 5 0., where z bottom is the depth of the last aquatic layer. The photosynthetic available radiation at each depth PAR( z) is computed from a two wavelength light absorption model (r and b for red and blue, with parameters values in 
where Q sol is the incoming solar radiation. 
